displacements, accelerations, and peak strain can be predicted with a reasonable level of accuracy using detailed solid models of the tested specimens. Permanent set is overpredicted by a factor of approximately two. However, the accuracy of the prediction of permanent set is being enhanced by updating material modeling in the ABAQUS code to account for effects of strain reversal in oscillatory behavior of dynamically loaded specimens.
Comparison of test data to analysis results shows that

INTRODU CTl ON
The Simple Structures Test Program was proposed to obtain nonlinear response data, including plastic strain response, for use in nonlinear transient dynamic analysishest correlation studies for structures fabricated from HY-80 steel. The primary ob.iective was to obtain dynamic nonlinear response data (accelerations, strains, and displacements) for simple structures subjected to two different types of load input: a high peak acceleration amplitude of short duration, and a lower peak acceleration amplitude of longer duration.
These tests were performed to demonstrate the ability to conservatively predict elastic-plastic nonlinear material behavior in structures using typical design methods and currently atailable finite element analysis codes. Strain data in the plastic range of a material is not generally available from past dynamic load tests since strain gages are not typically used to record plastic action during dynamic load qualification or testing.
In finite element modeling for dynamic loading, the number and position of nodes, use of different element types, material behavior models, and analysis parameters can influence analysis results. As an analysis solution progresses, calculated results for a transient event become increasingly sensitive to modeling assumptions (including material representation) since potential errors are inherently cumulative. Data from this test were used to refine and verify general modeling and analysis assumptions resulting in a higher level of confidence in nonlinear transient dynamic analysis techniques.
Tested specimens consisted of cantilevered ( Figure 1 ) and fixedend ( Figure 2 ) beam structures fabricated from HY-80 steel. Both specimens were designed for low frequency response with fundamental frequencies of IO. 1 Hz for the cantilever and 8.8 Hz for the fixed-end beam. Specimens were also designed such that, under the prescribed dynamic load, maximum surface strain would approac or exceed the 2.4% limit from the criterion in Reference (1) (0.3 E~, where is the ultimate strain value, 8.0% for HY-80).
I I I LONG DURATION
FIGURE 1 Cantilevered Beam Assemblies
Separate tests were required for each loading type. The first input had a high peak acceleration amplitude of short duration; the second input had a lower peak acceleration amplitude of longer duration.
Both loadings were separately applied to the cantilevered test specimens. Specimens CS-I through CS-7 were used for short duration loading. An Avco Drop Table test machine wss selected for short duration testing. Specimens CL-I through CL-3 were used for long duration loading. The fixed-end beam specimen was only tested for the long duration loading (specimens BL-I through BL-3) since the size and weight of the fixed-end beam specimen exceeded the short duration test machine capacity. A Parallel Pendulum test machine was selected for long duration testing.
FIGURE 2 Fixed-End Beam Assembly
Elastic-plastic analyses using the ABAQUS nonlinear finite element code were performed to design the test specimens and to predict the dynamic structural response. The analytical results were correlated with test results initially at the test site to ensure test validity and later in more detail to assess accuracy. Strain values were analytically predicted at points on the test specimens that coincided with strain gage locations. Acceleration and displacement time histories were also used in the test correlation. As part of this test program, actual stress-strain properties were determined from materia1,specimens taken from a sample of the plate used to fabricate the specimens that experienced the plastic deformation.
TEST METHODS
Test specimens and fixtures were fabricated using normal fabrication and welding techniques. In order that material properties from the actual beam element be used in the correlation efforts, tensile specimens per ASTM E8 were taken from the plate used to fabricate the test specimen beam members. The resultirrg true stresstrue plastic strain curves were used for elastic-plastic analysis correlation.
Prior to testing, each specimen was subjected to a dimensional inspection using a Sheffield Model No. RM50 Coordinate Measuring Machine (CMM) at the test laboratory. For each specimen, the locations of pre-selected points were measured and recorded. At the conclusion of each test, each specimen was measured on the CMM. thereby making available a final record of the deformed shape.
The Parallel Pendulum and Avco Drop The Parallel Pendulum test table impacted the reaction mass, rebounded, and impacted again several times before damping out. There was no means to arrest the platform to prevent this repeated input. However, these additional impacts were acceptable since all critical data had already been recorded before the secondary impacts occurred. In addition, the subsequent impacts were less severe than the initial and caused no additional permanent set. The drop table machine utilized pneumatic arresting devices on the guide poles. These were activated by a trip switch such that no secondary impact occurred on this machine. monitoring and recording devices. Each test was preceded by a low intensity test impact. Data was monitored and recorded to ensure correct mounting of the specimen, correct performance of all data channels, and to confirm the expected specimen response through on-site elastic correlation of strains, accelerations, and deflections (long duration specimens only). Mounting bolts for all specimens were tightened to a predetermined level.
was performed by qualified personnel following each test. Weld NDT consisted of visual (VT) and magnetic particle (MT) inspections.
Permanent set displacement measurements of the test specimens were obtained.
A low level static load test was performed on cantilevered beam specimen CS-2 prior to being tested at the full level correlation load. This test was performed to obtain strain and displacement data for an instrumented specimen undergoing purely elastic behavior. Response data was recorded and digitized for the low level dynamic test performed on cantilevered beam specimen CS-7. A predetermined load of 5.8 g's was applied such that dynamically-induced elastic strains resulted.
All instrumentation was connected to the applicable data Nondestructive testing (NDT) of the welds in all test specimens INSTRUMENTATION the data compiled. Strain gages were located to record strain at critical points on the structure. They were applied on opposite surfaces of the beam members to monitor bending strains that would best provide necessary data for adequate correlation to analysis. Ten element strings were used to measure strain gradients. High elongation gages were used to record anticipated high levels of strain. Rosettes were used to record bi-axial states of strain in the specimen. Accelerometer locations were selected to monitor {nput at the fixture-specimen locations and measure any uneven loadinz or mass block rotations. A linear variable differential transformer (LVDT) was selected to monitor linear displacement of the fixed-end beam (mass block) and curvilinear motion of the canti1evt.r beam (mass block) during long duration load testing. The sensor types Strain gages were selected and located in an attempt to optimize used in the test are listed in Appendix Table A-I. Repi.esentative strain gage mounting locations are shown in Appendix Figure A-I 
DATA ACQUlSlTlON
Monitored test data was available for evaluation immediately following each test at the predetermined critical sensor. All output from the instrumentation, including strain gages, respmmse accelerometers, the LVDT signal, and control accelerometer was recorded in unfiltered form on TEAC XR 9000 tape deck.s. The analog data was initially anti-alias filtered at 8,000 Hz. The test data was digitized at a sampling rate of 25,000 Hz for a durz.tion of 1 .O second (minimum) starting just prior to the initial impact of the test table. Digital data files in ASCII format were recorded on an 8 mm magnetic data cartridge tape using UNWTAR format.
TEST RESULTS
Appendix Table A-2. Results are summarized as follows.
Long Duration Cantilever
The first test resulted in values of strain and permanent set at the lower end of the range of anticipated values. Upon closer evaluation of the input curves, it was determined that the profile of the curve was broader at the base and slightly steeper and narrower at the waist than an idealized curve (Figure 3) . A determination was made that for the subsequent impacts, the input curve would be evaluated for impulse, represented by total area under the curve, in addition to peak acceleration level and pulse duration.
A summary of measured peak specimen response is presented in 
Fixed-End Beam
result of welding the two beam end fixtures, some distortion of the base plate resulted. Since the base plate was not flat, securing the plate to the test platform by tightening the bolts resulted in some initial strain in the beam elements. To record any prestiain due to this base plate bolt tightening force, pre-and post-test readings of strain were taken.
The pendulum sled platform was suspended from aboce by steel cables attached to a steel framework. As such, the sled did not strike the impact mass evenly. In addition, some rebounding o f the sled platform occurred after impact. The imbalance in impact loading was
The fixed-end beam assemblies utilized a common base plate. As a recorded by the accelerometers mounted at different locations on the test fixture.
The input load was determined by integrating the area under the load input curve in the same manner as for the cantilever test. Test specimens BL-1 and BL-2 were subjected to the same load magnitudes in order to provide a repeated test. Both of these tests resulted in approximately the same amount of permanent set (0.213 and 0.224 inches, respectively). The remaining fixed beam assembly was tested at an increased level of load. Subjecting the BL-3 specimen to an increased load level (29.2 peak "g" vs. 22.8) resulted in larger strain values and greater permanent set (0.389 inches).
Short Duration Cantilever
same curve area integration method described for the long duration cantilever. After specimen CS-I was tested, it was determined that an increased level of load was required to obtain strains approaching the goal of 2.4%. The test of specimen CS-1 resulted in a peak strain level of 1.89%. The next two specimens tested, CS-2 and CS-3, were subjected to loads 22% higher than the initial short duration test. These two tests resulted in peak strains over the target value and permanent set values of 0.828 and 0.898 inches, respectively, versus 0.287 inches for the initial short duration test.
The final two specimens, CS-6 and CS-7, were subjected to multiple impacts of equal magnitude. CS-6 underwent ten impacts of 100 "g" peak acceleration and CS-7 underwent six impacts of approximately 160 "g" peak acceleration. The initial test impacts from these two assemblies enabled an assessment to be made of previously untested specimens subjected to increased load intensity.
A tabulation of short duration specimens, listed in the order of ascending strain and permanent set, is presented in Table 2 . This listing tabulates the initial (first hit) dynamic input for each of these short duration specimens. It is presented to illustrate the trend of increasing strain and permanent set as a function of "g" level and impact duration.
The short duration cantilever test load was calibrated by using the 
